Introduction
The new guidelines including the ICH S7A and S7B (Anon, 2000 and 2004) have brought early safety testing of new pharmaceuticals using pharmacological models into the regulatory spotlight in the past few years. Whereas this was motivated to a large extent by a single safety issue (that is, the proarrhythmic action of drugs that slow myocardial repolarization) the intent was to provide a comprehensive safety assessment based on pharmacodynamic endpoints, as opposed to histopathological endpoints used in traditional toxicity studies. These new guidelines were explicitly designed to protect volunteers and patients involved in clinical trials of new drugs from unexpected, life-threatening effects. As such, the emphasis is on acute, functional effects as opposed to chronic histopathological changes. This important distinction was emphasized by Zbinden (1984) some years ago. However, the implications of such testing go well beyond this primary goal and can impact on the later use of a drug in the general population and the wish to avoid any adverse effects, even if not life-threatening. The clinical importance of safety pharmacological studies should be obvious, but there is also a substantial economic consequence should adverse effects be found that limit the utility of a given agent and thereby restrict its market potential or even require it to be removed from the market. Thus, safety pharmacology has found a place in modern drug discovery and development.
One should not forget that cardiovascular testing of drug candidates is not a new endeavor.
Testing for effects of new agents on arterial blood pressure and heart rate has been conducted routinely for decades, long before the establishment of these new ICH guidelines. The first real attempt to put together a cohesive testing system resulted in the Japanese Guidelines for Nonclinical Studies of Drugs Manual in 1995 (Anon, 1995) . In this Japanese Guideline, there is not only a requirement for cardiovascular studies, but also related effects on the autonomic nervous system and smooth muscle effects are specifically mentioned. Studies on other organ systems were also recommended in the Japanese Guideline making it a very comprehensive package of studies. One might assume that the newer regulatory requirements for safety 2 testing would attempt to further broaden and intensify these safety assessments but this is not the case. In fact, there is a disconcerting trend that the new ICH S7A and S7B guidelines have had just the opposite effect. A strict adherence to the ICH S7A "core battery" studies would mean a substantially less thorough pharmacological profiling than what was recommended in the Japanese Guideline. One can only assume that this was not the intent of the ICH working party.
I was reminded recently by a colleague who was in fact involved in the writing of the ICH S7 guideline, that one should not forget that guidelin es are just that, guidance and NOT doctrine.
This suggests that a certain amount of flexibility in the testing procedure was actually intended by the authors . Those of us working in the pharmaceutical industry , however, know that such good intentions are difficult to translate into practice and guidelines are routinely interpreted as law. Nevertheless, it is interesting to observe that approaches to cardiovascular safety testing, particularly in early phases of drug discovery and profiling, are actually quite different from company to company, despite the fact that we are working with the same regulatory guidelines. Some companies continue to support a thorough, routine testing of cardiovascular effects early in research, either in the lead optimization phase or at least as a part of the in-depth profiling of selected lead candidates. This may be viewed as a more traditional approach. In contrast, others have decided to undertake only those studies specifically mentioned in the new ICH S7A guideline as "core battery" studies. This is an alarming trend that was certainly not the intention of the guidance authors. The ICH S7A guideline specifically mentions secondary and follow-up studies that are intended to extend and intensify the study of various organ systems on a project-specific basis. Unfortunately, since they are not included in the "core battery" this suggests that they are not essential and are therefore often not performed. A further inadvertent consequence of the ICH S7A guideline relates to its requirement for GLP for the "core battery" safety pharmacology studies. In order to achieve compliance, some companies have shifted their safety pharmacology studies to a later time than what was typically done in the past. Whereas this has no negative repercussions for drug safety per se, it makes little sense from the perspective of efficient drug development. Specifically, the great utility of safety pharmacology studies (not even restricted to cardiovascular safety) is that these data can be used effectively early in research to select the best possible candidates for further preclinical and clinical development.
Delay of these studies until a time in which GLP requirements can be fulfilled, means that these data are not available for the candidate selection process. A further inadvertent 3 consequence of the new guidelines is that some companies have chosen to repeat certain studies later in development when GLP compliance is feasible. Again, one can question whether this is a rational approach and may in fact be incompatible with animal use regulations. The pharmaceutical industry should take a broader view of the utility of this type of study and make a differentiation between the fulfillment of regulatory requirements and providing useful in-house data to assist in lead optimization and candidate selection processes.
With this goal in mind, the following will describe an approach to cardiovascular safety testing that positions studies to take advantage of recent advances in testing possibilities and allows early integration into drug research. Early studies are necessarily in vitro, but the subsequent need for in vivo testing of compounds for determining their hemodynamic and electrophysiological effects remains and as yet has not been replaced with alternative approaches. However, refinement of the experimental models and study design can bring about a substantial improvement in data quality (when carefully conducted) and simultaneously result in a dramatic decrease in the number of animals used for such studies. I would also like to take the opportunity to recognize that similar approaches have been recommended by colleagues from other pharmaceutical companies in the past few years and demonstrates that there is a certain consistency between companies that place a high value on early safety testing (Lacroix and Provost, 2000; Redfern, et al., 2002) 4 substance available for testing is very limited. Typically only milligram amounts of compounds are synthesized initially in medicinal chemistry laboratories and these small amounts are dedicated first to characterization of the effects on the intended pharmacological target or other basic properties needed for a compound to be "drug-like", including chemical and metabolic stability, testing for the inhibition of cytochromes and pharmacokinetic characterization. Receptor and enzyme activity panels can be conducted with modest amounts of test article and may provide useful data on drug selectivity even at a very early stage. This type of information can contribute substantially to a cardiovascular assessment, but the associated costs usually limit these tests to only selected compounds. A rather new optimization parameter that is also accessible at an early research stage is the activity on hERG-mediated potassium channels. This is the well-known common mechanism for most proarrhythmic compounds that inhibit myocardial repolarization. Methodological approaches have been suggested to address this using high throughput formats with little test article requirements (see below). At this stage of lead optimization, one should also pay attention to the quality of the test article. In many cases this may not be ideal and should be considered when deciding which early tests to perform. Finally, many of the early tests at least modest solubility in aqueous media at physiological pH. Erroneous results can be generated if one does not ensure that compound solubility is adequate for a given test system.
Once test articles are available in amounts from 10-100 mg one can consider further, still mostly in vitro, characterization. Staying with the example of hERG-mediated effects, manual patch clamping studies can be conducted on not only hERG but other ion channel targets. In vitro tissue studies using purkinje fibers, papillary muscles or isolated intact hearts may also be conducted with limited amounts of test article. Information on hERG-mediated effects together with the evaluation of overall effects on the myocardial action potential in vitro can be used very effectively to anticipate the electrocardiographic effects of drugs in vivo . Nevertheless, cardiovascular safety testing is still highly dependent upon subsequent testing using in vivo experimental models. There is useful information to be gained from small animal models such as the rat or guinea pig that require modest amounts of test article. Although there has been a trend away from using the rat because of its lack of utility for particularly repolarization-dependent effects and proarrhythmic action, one should not forget that the rat still provides a useful model for evaluating effects on systemic hemodynamics, including arterial blood pressure and heart rate. Miniaturized telemetry technology makes these physiological endpoints possible while studying the animals in the 5 conscious state. The potential reuse of such instrumented animals can also lead to a reduction in animal usage.
Definitive cardiovascular safety testing is still done in larger, non-rodent species. The most common species remains the dog, both for safety pharmacology studies and for toxicological studies. Increasingly, however, the monkey is being used for toxicological studies and this has necessitated similar cardiovascular models in the monkey. This, in turn, has led to new problems regarding primate availability and health concerns for primates from some sources.
This has spurred the search for further alternatives. In this regard, the pig may offer a viable option for toxicological studies and safety pharmacological studies. A limitation is simply that there is less experience with pigs for comparative purposes. Nevertheless, we have recently established a mini-pig model using full implant telemetry technology for cardiovascular profiling and our initial experience has been very promising.
In vivo cardiovascular studies have been done in the past with anesthetized animals and the Japanese Guideline specifically mentions the anesthetized dog as the model of choice for this study type. Improvements in telemetry technology over the past decade, together with the specification within the ICH S7A guideline calling for the use of conscious animal models has led to widespread application of telemetry systems for not only dogs, but also monkeys and pigs. Optimization of these test systems is space-and labor-intensive and start-up costs are comparatively high. Investment in this technology involves not the substantial start up price of the system and the needed implants, but requires an adequate infrastructure to obtain the expected high quality data one can achieve with this experimental approach (Klumpp, et al., 2006) .
Overall, a step-wise approach to cardiovascular safety pharmacology profiling ( Figure 1) appears to be pragmatic and beneficial for the lead optimization process during research. It can be seen that safety pharmacology testing can span a wide range of the drug discovery and development process. The tests increase in complexity and in general move from in vitro to in vivo. The various general study types with suggestions for specific methodologies will be described.
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In vitro electrophysiological assessments
If the ICH S7A and S7B guidelines have had an impact, it is certainly in the area of testing for proarrhythmic potential for drug candidates. In particular, the routine testing for effects on the hERG-mediated potassium has become standard in the pharmaceutical industry over the past few years and it has become a primary optimization parameter in early drug research. Given these screening and profiling activities, it is likely that new drugs with a potential for causing hERG-mediated arrhythmias will become a rarity in the near future. Whereas there appears to be a consensus that this issue should be addressed early in the drug research process, there are different experimental paths one can follow to eliminate this unwanted activity. The gold standard approach remains the measurement of hERG-mediated current using manual patch clamp technology, an inherently tedious undertaking. Alternative experimental systems have been devised to allow a higher throughput. These include competitive binding strategies, membrane potential-based marker approaches and automatization of the more traditional patch clamp approach. Though all offer higher throughput, they also have disadvantages, as discussed below. In addition, significant advances in the use of in silico approaches for assessing potential interactions with the hERG channel have been reported and can be used to direct the selection of chemical scaffolds and further lead optimization activities (Sanguinetti and Mitcheson, 2005; Price, et al, 2006) .
Much controversy has surrounded the use of in vitro models that measure myocardial action potential and can assess effects of drugs on the action potential configuration. Since this is inherently a more physiological test system in comparison to the heterologous cell systems frequently used for measuring activity on hERG channels, there has always been a convincing rationale supporting this approach to obtain a more integrated assessment of a drug effect.
However, the ICH S7B guideline has tended to steer one away from conducting these types of studies since they are not included in the "core battery" of studies. Earlier position papers on this subject, most notably the CPMP points to consider paper (Anon, 1997) emphasized the great utility of these models. Unfortunately, the fact that they were removed from the recommended core studies and were delegated to "follow-up" study status has been misinterpreted by some to imply that they have little value. As emphasized below, when well done, they can be of tremendous value for the early drug research process. It is perhaps illustrative to observe that companies that have used action potential studies in the past, continue to do so and are convinced of their value. It appears to be primarily those without 7 direct experience with the action potential models that tend to choose to not conduct them based on the guidelines.
"High throughput" hERG assays
Recent work has highlighted the K + channel encoded by the human ether-a-go-go related gene (hERG) as the molecular target for a wide range of drugs whose administration is associated with an increased risk of an unusual, life-threatening form of arrhythmia known as Torsade de
Pointes (Vandenberg, et al., 2001) . One could approach this issue within drug development by screening drug libraries to identify and exclude compounds having this potential. This approach has the inherent disadvantage of negatively biasing compounds that may otherwise be good starting points for lead optimization. Given that medicinal chemists are becoming very good at minimizing hERG activity through lead optimization (Jamieson, et al., 2006) such a broad screening approach is probably unwarranted. Furthermore, experience has shown that a wide variety of compounds have the potential to block these channels; it is just a question of the test concentration before one sees an effect. Indeed, compounds that show absolutely no effect, even at high concentrations, are more the exception than the rule.
Therefore, hERG-blocking activity must always be viewed in conjunction with the activity on the intended target to know if there may be a risk in clinical use (Redfern, et al., 2003) . Thus, it is more rational to test for this activity in an early secondary screen on hits that emerg e from examining effects on the intended therapeutic target. In any case, experimental approaches are needed that allow the testing of large numbers of compounds thereby necessitating a high degree of automation. Several test systems have emerged as potential high-throughput approaches for detecting activity on I Kr , the current mediated by the hERG channel. These are relatively new technologies that are still in a development stage. Nevertheless, they are still worth mentioning since they may provide useful approaches for early drug discovery. Such techniques have been reviewed and critically assessed previously (Netzer, et al., 2001 and .
Competetive Binding assays
Competitive binding of a test compound in comparison to a radiolabeled compound known to be a high affinity antagonist of the hERG channel has been used. Radio-labeled, potent blockers of hERG such as [ 3 H]-dofetilide (Finlayson, et al., 2001a and 2001b) (Wang, et al., 2003) can be used in conjunction with myocardial cells, stably transfected (Wang, et al., 2003) . In contrast, the measured value for cisapride using this assay is 3-fold higher than electrophysiological studies and MK-499 is 30-fold lower than an electrophysiological approach (Wang, et al., 2003) . Such discrepancies also appear using a [ 3 H]-dofetilide-based system and may even be more pronounced. Thus, the specificity of the binding site for the radiolabeled compound, versus the test compound, may limit the usefulness of this approach. Nevertheless, for specific chemical classes known to compete for a given binding site, this may be a viable approach.
Rubidium flux assays
Rubidium exhibits a very high flux through potassium ion channels. Upon depolarization, this flux can be quantified as a measure of channel integrity (Tang et al., 2001; Cheng, et al., 2002) . Fluorometric assays have been developed that can detect drug-induced effects on hERG channels. The test system utilizes cells expressing hERG channels that are incubated with rubidium that effectively replaces potassium in the cells. The cells are then preincubated with compound and then depolarized with a high concentration of potassium. The supernatant is then removed after several minutes of incubation and the distribution of rubidium between the supernatant and the cells is determined. Accordingly, a hERG blockade prevents the efflux of rubidium from the cells whereas the lack of blockade allows rubidium to leave the cells.
Radio-labeled rubidium can be measured using scintillation counting (Weir and Weston, 1986) or with atomic absorption spectroscopy (Terstappen, 1999) . 
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This experimental approach assesses the patency of the hERG potassium channel and therefore provides a functional assessment in contrast to the binding assay. A good correlation between results with this assay system and electrophysiological measurements has been reported (Tang et al., 2001; Cheng, et al., 2002) but this may be dependent upon the specific type of blocker being tested. For example, a poorer correlation may be found with voltagedependent blockers (Cheng, et al., 2002) . The radioactive waste generated with the use of this technique should also be considered when selecting a test system. The use of atomic absorption spectroscopy avoids this problem, but has lower throughput.
Fluorescence ion channel assays using voltage-sensitive dyes
Fluorescent, voltage-sensitive dyes can be employed to investigate the activity of ion channels by reflecting the cellular membrane potential (Epps, et al., 1994; Plasek and Sigler, 1996 (Baxter, et al., 2002) ). Use of this approach for the measurement of IC 50 values for known hERG blocking drugs has been reported (Tang, et al., 2001 ), but there are apparent discrepancies between such values and those obtained using electrophysiological methods.
This may, at least in part, be due to the rather slow kinetics of the dye making steady-state measurements preferable using this system. An approach yielding a higher time resolution uses the fluorescence resonance energy transfer between two dyes. This can be used in conjunction with voltage/ion probe readers configured as a high throughput system (Gonzalez and Maher, 2002) . Conventional fluorescence readers can also be employed to make equilibrium measurements with potential-sensitive oxonol dyes (Netzer, et al., 2001; Netzer, 2003) . The reported IC 50 values generated with this approach appear to correlate well with electrophysiological measurements (Netzer, 2003) with similar absolute values.
The use of membrane potential-sensitive dyes allows a high throughput approach for detecting drug effects on hERG potassium channels. Independent of the measurement system chosen, common disadvantages are potential fluorescence or quenching artifacts. The membrane potential is also an indirect measurement of a drug effect on the hERG potassium channel. The start up costs for the necessary instrumentation (e.g. FLIPR of VIPR) may also present a constraint to this approach (Netzer, et al, 2001 ). Whole cell patch clamp techniques, as described below, are still considered to be the gold standard for determining the effects of drugs on the hERG potassium channel. New systems are currently in development that attempt to incorporate the inherent advantages of the patch clamping approach into an automated and, thereby, higher throughput format. These systems are not truly high throughput but their goal is to speed the study process through automation while preserving the manner in which the study is conducted and the measurements that are made. Thus, cells transfected with hERG and expressing current resembling I Kr are used and a whole cell patch clamp methodology is applied. Patching of the cells and addition of the test compound is, however, done on an automated basis.
Automated patch clamp systems
A critical step to the performance of a whole cell patch clamp experiment is the formation of a tight, high resistance seal ("gigaohm seal") between the cell membrane and the hole in a planar chip. The formation of this seal remains the limiting factor with this experimental approach with success rates on the order of 50%. An alternative is the use of a so-called "perforated patch" which uses pore-forming agents to form less tight seals that do not need a negative pressure on the cell. The resulting lower resistance seals are reported to be approximately 100 megaohms (Kiss, et al., 2003; Schroeder, et al., 2003) . While increasing seal success rate, these seals may not be optimal for the electrophysiological recordings. As with standard patch-clamp studies, the stimulation protocol and bath solutions may influence the results.
We have used one such automated patch-clamping approach, as offered through a contract research organization, to generate data at an early time in the lead optimization process. This has provided useful data to guide the synthesis programs in medicinal chemistry. To streamline the process and to reduce costs, single concentrations of the test article are used as opposed to generating IC 50 values initially. We noted, however, that as the IC 50 approached the test concentration, there was a large variability in the "% inhibition" value achieved. This is not an intrinsic limitation of the automated patch clamp system, but rather a consequence of the steep relationship between concentration and effect (channel inhibition in this case) near the IC 50 . We have addressed this by adding a second concentration to the screen to better predict the IC 50 . A manual patch clamp study is always performed for interesting compounds and, in general, there is a good correlation between the data generated with the automated patch clamp system and the in-house manual system. We have noted that certain chemical structural classes have differences in the absolute % inhibition values obtained (3 to 10-fold 11 difference). However, the effect appears to be consistent for a given chemical class and can therefore be accounted for. Limited solubility may also account for these differences and data obtained with poorly soluble compounds should be viewed cautiously and measurement of the actual drug concentration is recommended.
In summary, there are now a variety of techniques available to test compounds hERG channel activity at a relatively early stage of drug discovery and lead optimization. Caution should be used, however, in that the absolute values for inhibitory activity may vary substantially from values coming from manual patch clamp studies. Furthermore, there may be differences in the performance of these test systems depending on the specific chemical class one is working with. Therefore, it is recommended to evaluate the utility of any such test for the specific discovery program and the chemical classes in lead optimization. Automated patch-clamp systems appear to offer a reasonable compromise between a higher throughput while maintaining the physiological integrity of the measurements and thereby their potential relevance. 
Manuel voltage clamp studies on hERG -mediated potassium channels
The introduction of the patch clamp technique (Neher and Sakmann, 1976) revolutionized the study of cellular physiology by providing a high-resolution method of observing the function of individual ionic channels in a variety of normal and pathological cell types. By varying the basic recording methodology, cellular function and regulation can be studied at a molecular level by observing currents through individual ion channels (Liem et al., 1995) . In safety studies during drug development the single most important channel is the hERG channel.
The purpose of this type of study is to examine drug-induced effects on model systems for the ventricular membrane current I Kr (i.e. hERG-mediated current) by the use of cells functionally expressing hERG channels. The activity of these voltage-gated channels is best measured using voltage clamp techniques.
Various cells can be used to conduct electrophysiological experiments to determine drug effects on hERG-mediated potassium current. This includes cells that naturally have hERG current including isolated ventricular cardiomyocytes (Jurkiewicz and Sanguinetti, 1993) , atrial cell lines (Busch, et al., 1998) or neuroblastoma cell lines (Arcangeli, et al., 1998 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 commonly used cell types. Such heterologous expression systems, particularly the mammalian cell-based systems, have become the most widely used and accepted models for hERG-channel testing.
Xenopus oocytes
Xenopus oocytes are a useful heterologous system for measuring hERG current; they are robust cells that express a comparatively large and well defined hERG current. Their large size also makes the technical aspects of the procedure easier than with small cell types. The disadvantage, however, is that most drugs show lower potency for hERG blockade in Xenopus oocytes in comparison to mammalian cell lines (Po, et al., 1999; Weerapura, et al., 2002; Witchel et al., 2002) . This may be due to absorption of drug in yolk particles within the cells, thereby lowering the intracellular free drug concentration. Whereas the absolute IC 50 values may be 3-10 fold higher in Xenopus oocytes, their rank order of potency appears to be comparable to that seen in mammalian cells. Nevertheless, there are examples of compounds (e.g. sotalol and erythromycin) shown to block hERG in mammalian cells that do not show a blockade in Xenopus oocytes, suggesting a greater risk of a false negative assessment when using oocytes in comparison to mammalian cells.
Stably transfected cells
A preference for a mammalian cell line for measuring drug effects on hERG current is based on the perception that the results may be more representative of what may happen in patients than results from a Xenopus oocyte-based model. The relatively small size of the HEK293 and CHO cells and the lack of a yolk provide a system in which the measured blockade is usually more potent than in Xenopus oocytes. HEK293 cells may have an endogenous transient outward potassium current (I to ) (Snyders & Chaudhary 1996) whereas CHO cells do not have such a current (Teschemacher, et al 1999) . The amount of I to in HEK293 cells may be variable between batches of cells and could interfere with hERG measurements making CHO cells in this regard superior. HEK293 cells may, however, be more consistent in their level of heterologous expression in comparison to CHO cells (Witchel, et al., 2002) .
Issues relating to the use of stably versus transient transfection have been reviewed elsewhere (Witchel, et al. 2002) . Membrane currents can be recorded from HEK293 cells at room temperature (20-22°C) or at physiological temperature (37˚C), using the whole-cell patchclamp technique. Although it is theoretically attractive to conduct such studies at 37˚C, there 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 are some practical limitations that suggest conducting the studies at room temperature, at least for routine screening (Witchel et al 2002) . This includes not having to preheated perfusion media and the observation that cells last substantially longer when studied at room temperature. The measured current has a faster kinetics and is larger at 37˚C as compared to room temperature. Also, at 37˚C currents measured during strongly depolarizing pulses may diminish during the course of the pulse, a phenomenon not seen at room temperature.
Studies on hERG channels in isolated ventricular myocytes
Patch-clamp techniques using isolated ventricular myocytes may also be used to measure hERG channel function (Salata et al., 1995; Drolet et al., 1999; Kalifa et al., 1999) . For example, ventricular myocytes from guinea pigs can be used (Jurkiewicz et al., 1993) .
Alternatively, Carlsson et al. (1997) performed voltage clamp studies in isolated ventricular myocytes from rabbits. Whole cell currents can be recorded in the tight-seal, whole-cell mode of the patch-clamp technique (Sanguinetti and Jurkiewicz 1990) .
Irrespective of the model selected, measurement of hERG-mediated current has become a routine part of safety pharmacological profiling of drug candidates. The selection of the model is secondary to establishing a data base using know positive and negative controls with which one can compare new compounds. There will always be differences in the absolute values one obtains for effects on hERG in different systems, even when using what would at first glance appear to be identical test systems. Subtle differences in the test system may be enough to elicit these differences. Nevertheless, using data from reference compounds in relationship to unknown test compounds should provide the basis of comparability between laboratories.
Studies on myocardial ion channels in addition to hERG
The importance of hERG-blocking activity for drug development is clear when it leads to a prolongation of the myocardial action potential and thereby to a proarrhythmic state. One must recognize, however, that the myocardial action potential is a result of the concerted action of multiple ion channels. Other drug-induced ion channel effects can also lead to changes in the overall action potential and are potentially proarrhythmic such as a blockade of the myocardial sodium channel that is responsible for the depolarization of the heart (Nav1.5).
Blockade of these channels leads to a reduced Vmax of the action potential and a prolongation of the action potential. In vivo a widening of the QRS complex results as a consequence of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 slower depolarization of the left ventricle. Sodium channel blocking drugs, although developed for their antiarrhythmic action, are well known to be proarrhythmic (Morganroth, et al, 1986) . A further example is that of the slowly-activating repolarziation current Iks, carried by the KvLQT1/minK channel. This current, together with hERG-mediated current make up the major repolarization current of the heart (Sanguinetti and Jurkiewicz, 1990 ).
Blockade of these channels can lead to similar action potential prolongation as compared to hERG blockade and it is assumed present a similar proarrhymic potential.
Alternatively, additional ion channel effects can offset each other, thereby reducing the potential proarrhythmic activity of what might otherwise be interpreted as a proarrhythmic signal. The blockade of myocardial calcium channels has been shown to counteract the effects of drugs that also potently inhibit the hERG channel. A well known example is verapamil that, despite a potent blockade of hERG channels, is also not associated with depolarizationdependent arrhythmias. One does not see the expected prolongation of the action potential due to hERG blockade, rather one sees a shortening of the action potential due to the calcium channel blockade. Thus, this type of study can assist one in identifying additional proarrhythmic activity of drugs, or can be useful in putting into context an observed activity in blocking hERG. A thorough electrophysiological profile of drug candidates will likely soon include not only hERG channels but the major myocardial channels involved in both depolarization and repolarization. Thus, in addition to hERG, one may want to consider studies examining the action of a given agent on Kv1.5 (Ikur), Kv4.3 (Ito), KvLQT/mink (Iks), nav1.5 (Ina), Cav1.2 (Ica-L) or NCX1 Na-Ca Exchanger (N/A). This information is invaluable when apparent discrepancies arise between effects seen on hERG channels and the overall effect on the myocardial action potential. Discrepancies suggest that other ion channels may be important and these can be easily measured when one has access to the appropriate test system, something now offered by contract research organizations.
hERG channel trafficking
A final aspect deserving mention is that the expression of ion channels in the heart is not static but rather a dynamic process. Ion channels are continuously trafficked to and from the membrane surface where they are active. It has been shown that action potential changes can be elicited by interfering with this process without a direct interaction of a molecule on the channel function, per se (Wible, et al, 2005) . As such, one should consider also including this 
Studies on the myocardial action potential
Studies to assess the potential of a drug to affect ventricular repolarization, and therefore a prolongation of the QT interval duration, focus on the pivotal role of hERG-mediated potassium current in mediating this effect. Nevertheless, it is well accepted that even a potent blockade of the hERG channel does not necessarily lead to a QT prolongation. For example, the calcium channel blocker verapamil does not lead to QT interval prolongation despite an IC 50 on hERG in the range of 100-200 nM. The reason for this apparent discrepancy is simply that the myocardial action potential configuration is the net result of the concerted activity of numerous ion channels and effects on a given channel can be masked by the activities of other competing channels; other examples are also apparent (Yuill, et al., 2004) .
This allows one to assess the physiological relevance of any activity on hERG channels that may be present (Anon, 1997; Haverkamp, et al., 2000) . In other words, a compound that shows both potent inhibition of hERG channels and prolongs the myocardial action potential in "low" concentrations will present a higher risk for clinical QT prolongation than the compound that blocks hERG, but shows no effect on the overall action potential. Thus, the performance of hERG channel assays together with action potential assays may provide an early risk assessment with a better correlation to the in vivo and clinical setting than with just one of these assays alone .
Drug effects on the myocardial action potential are typically measured in vitro in myocardial tissue such as Purkinje fibers (Gintant, et al., 2001) , papillary muscles, ventricular wedge preparations (albeit less commonly) or the entire isolated heart (Franz, 1991) . The focus of all these approaches is to assess the action potential duration, measured as the time required to a give percentage of repolarization, e.g. APD 90 or the time to 90% repolarization. Additionally, some of these models can respond to hERG-blocking drugs with early after depolarizations (EAD), thought to be a substrate for arrhythmia. The use of the myocardial wedge preparation also addresses the important issue of potential transmural differences in drug-induced effects on repolarization (Antzelevitch et al., 1999) , an aspect not addressed by Purkinje fibers or papillary muscles.
Measurement of the concentration of test article in in vitro systems
Page 16 of 39 Toxicological Sciences   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 17 The results from studies designed to assess potential drug effects on hERG channels or on the action potential in vitro are used as an early risk assessment for clinically relevant effects on the QT interval duration and even proarrhythmic activity. The use of these data for the estimation of safety margins necessitates an accurate measurement of the drug concentrations present in the test system. The perfusion baths used are typically protein-free and one needs to consider potential protein binding of a compound when comparing to the in vivo situation. At early stages of drug research this data may not be available, however, this can have a substantial impact on the risk assessment since the safety margins are determined with unbound drug fraction (Redfern, et al., 2003) . Furthermore, compounds may adhere to glass or plastic used in the experimental setups with the possibility that the intended drug concentrations are not reached, particularly at lower concentrations. Drug solubility in aqueous solutions at pH 7.4 can also limit the concentrations being tested. Multiple aspects of this important issue have been reviewed recently (Herron et al., 2004) .
Studies in isolated Purkinje fibers
Studies in isolated Purkinje fibers can detect compound-induced effects on the action potential configuration and possible early after depolarizations. This type of procedure is a logical adjunct to studies examining effect on hERG-mediated current since it examines the relevance of any hERG blocking activity on the overall myocardial action potential.
The primary evaluation for detecting hERG-mediated effects involves the determination of the action potential duration. Typically, the time from depolarization to a predefined % repolarization is used to describe the repolarization dynamics of the tissue. That is, time to 10% (APD10), 30% (APD30), 50% (APD50), 70% (APD70) and 90% (APD90) can be used to quantify the repolarization curve. For hERG-dependent effects on the action potential, the APD90 is most commonly reported. Most compounds known to block hERG-mediated potassium current prolong the action potential (e.g. prolongation of the APD90) in this model.
The model is capable of detecting both prolongation and shortening of the action potential and it should not be forgotten that other drug-induced effects on electrophysiological function can be detected, including effects on sodium (e.g. effects on the rate of depolarization) and calcium currents (e.g. effects on the plateau phase of the action potential). The Purkinje fiber is a non-contractile tissue, which facilitates electrode positioning and stability. In comparison to the papillary muscle or the monophasic action potential in the intact heart, drug-induced effects on the action potential duration are considerably larger. Whereas this is not necessarily (Gintant, et al., 2001) , that in both canine and porcine Purkinje fibers, even in supratherapeutic concentrations failed to prolong the action potential. The reason for this is still unclear but the perception of a risk for false negative results has lead to these types of studies receiving secondary status from regulatory authorities (i.e. the FDA). It must be emphasized, however, that most hERGblocking drugs do indeed lead to an action potential prolongation in this model and that exceptions are rare. Also, potent hERG-blocking compounds that do not prolong the QT interval and are not proarrhythmic (such as verapamil) do not prolong the action potential in this model. Purkinje fibers from the dog or the rabbit have been used typically, while other species, including the pig (Gintant, et al, 2001 ) may also be appropriate models. The use of primate tissue for such studies carries with it ethical and financial considerations, as does the use of dog purkinje fibers. Studies in isolated rabbit Purkinje fibers have also been used successfully to assess the risk of QT interval prolongation by drugs (Adamantidis et al., 1995 (Adamantidis et al., , 1998 Cavero et al,. 1999; Dumotier et al., 1999; Champeroux et al., 2000) .
Studies in isolated guinea pig papillary muscles
One of the most commonly used models for assessing the myocardial action potential uses the guinea pig papillary muscle. It has an appropriate size since the papillary muscle from larger species may be compromised by ischemia in the middle of the muscle during the experiment.
The use of the guinea pig papillary muscle was also highlighted in the Japanese PRODACT initiative. In these studies, the guinea pig papillary muscle was assessed to be a very sensitive and useful model for predicting effects on the QT interval in vivo (Hayashi, et al., 2005) . Like studies performed using Purkinje fibers, the primary evaluation involves the determination of the action potential duration as described above.
In contrast to the Purkinje fiber, the papillary muscle is a contractile tissue thus allowing the measurement of contractile force, together with the action potential configuration. Since effects on the inotropic state of the myocardium can also affect the action potential, this is a useful secondary measurement to interpret possible drug-induced effects. However, contraction of the muscle makes the placement of the electrode more difficult and changes in the contractile function can lead to loss of the electrode placement in the course of a study. As 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19 with the Purkinje fiber model, some compounds known to potently block hERG channels and to cause QT prolongation in the clinic do not demonstrate the expected action potential prolongation; this includes astemizole, bepridil, pimozide and terfenadine. In the case of the guinea pig papillary muscle, it was suggested recently in conjunction with the PRODACT evaluation, that the way the data are evaluated may be key for detecting drug-induced effects on the action potential configuration. The PRODACT investigators suggested using the difference between APD90 and APD30 as a novel approach to examine effects on late ventricular repolarization phase that may be affected by hERG-blocking drugs (Hayashi, et al., 2005) . With this approach, these investigators were able to demonstrate effects of astimizole, bepridil and pimozide in the isolated guinea pig papillary muscle. Nevertheless, terefenadine did not show an effect on the APD30-90, such that it was suggested that other limitations must prevent terfenadine from demonstrating its expected APD prolongation in this in vitro setting. It should also be noted that with terfenadine it is difficult to show a QT prolongation in vivo, as well.
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Arterially perfused wedge of canine left ventricle
The M cell is a unique myocardial cell type found in the deeper layers of the ventricular wall (Antzelevitch, et al., 1999) . These cells respond more sensitively to agents that block hERG channels and, as such, contribute to possible drug-induced transmural heterogeneity of ventricular repolarization and thereby the proarrhythmic potential. The perfused myocardial wedge preparation is designed to allow the study of transmural differences in drug action on the action potential and may therefore provide a better assessment of possible proarrhythmic potential of a test article.
The methodology was first described by Anzelevitch, et al. in 1996 . A transmural electrocardiogram is recorded using extracellular silver chloride electrodes placed near the epicardial and endocardial surfaces of the preparation. Transmembrane action potentials were simultaneously recorded from the epicardial, endocardial and M regions using three separate intracellular floating microelectrodes filled with KCl and connected to a high input impedance amplifier. Impalements are obtained from the cut surface of the preparation at positions approximating the transmural axis of the electrocardiogram.
The evaluation is based on the measurement of the QT interval of the electrocardiogram, together with the action potential configuration measured using the transmurally located 20 electrodes. The action potential duration is typically measured using the time to either 50% or 90% repolarization. The action potential duration of the M cells (midwall measurement) is expected to be longer than either endocardial or epicardial cells and drug-induced effects on these cells is also greater. The rate dependency of a given drug effect is also amplified in the M cells and may importantly contribute to the proarrhythmic potential of a drug.
The measurement of a transmural ECG together with local action potentials from across the ventricular wall of the dog provides one of the most sophisticated in vitro approaches for determining drug-induced effects on repolarization, as well as having implications for proarrhythmic potential. Thus, objectively assessed, this model is perhaps the best in vitro model to examine drug-induced effects on repolarization of the heart. Its main disadvantage is the experimental complexity which makes it accessible only in specialized laboratories and requires extensive training to master the technical preparation. A further complicating factor is the use of dogs for studies in which only small portions of the excised heart are utilized, which has both ethical and financial aspects that need to be considered.
Isolated heart (Langendorff) preparations
Similar types of studies can be conducted to those described using myocardial tissue in vitro by using the entire isolated heart. One measures a external monophasic action potential, as opposed to an intracellular myocardial action potential (Franz, 1991) . Hearts are typically perfused retrogradely from the aorta in variations of the so-called Langendorff preparation. Eckardt et al. (1998) and Johna et al. (1998) proposed the isolated perfused rabbit heart as a model to study proarrhythmia induced by class III antiarrhythmic drugs. Alternatively, the isolated guinea pig heart can be used effectively in similar preparations for drug evaluation (Stark, et al., 1987 , Hamlin, et al., 2004 .
The case for early in vivo testing in rodents or other small animals
There is a clear preference for performing safety pharmacology studies for drug effects on the cardiovascular system in a non-rodent species in order to assess possible effects on ventricular repolarization. Nevertheless, there is still great value in conducting studies to examine druginduced effects on the cardiovascular system in particularly rats. One reason is that toxicity studies are traditionally conducted in rats and drug effects on cardiovascular parameters in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21 rats is therefore of relevance to such studies. Pharmacokinetic and metabolism data is therefore readily available for the rat, which is not always the case in other species.
Furthermore, cardiovascular studies in non-rodents (usually the dog) require substantially more compound than studies in rats. Therefore, as part of the lead optimization, selection and development process, cardiovascular studies in rats can be invaluable. One must simply recognize the limitation of the rat for assessing effects on ventricular repolarization through the blockade of hERG-mediated potassium current. We use a rat model for the assessment of cardiovascular endpoints prior to testing a given compound in our non-rodent models. This serves to prioritize compounds early and ensures that the compounds that ultimately are tested in the larger animal models are free from major hemodynamic effects.
Small animal telemetry system
Cardiovascular parameters such as arterial blood pressure and heart rate can be measured in conscious, free-moving rats using commercially available radio-telemetry systems (Deveney, et al., 1998) . Such systems include: 1) an implantable transmitter with battery capable of sending the pressure signal from a fluid-filled catheter implanted into the abdominal aorta, 2) a receiver unit that detects the transmitted signal and converts it into a digital format, 3) a pressure reference module that adjusts the measured aortic pressure for atmospheric pressure, and 4) data acquisition software for data storage and computation.
The rats are anesthetized and undergo an initial aseptic procedure to implant the aortic catheter distal to the renal arteries. The catheter is secured using cyanoacrylate glue. The transmitter and battery unit are placed in the abdomen and attached to the abdominal musculature using a suture. After closure of the surgical wound, the animals are given sufficient time to recover from the procedure before being used in a study, usually at least one week. Using this technology, rats can be studied while still in their home cage. However, since the transmitter frequency used is the same for all animals, they must be held isolated during the study. This means that in most cases the rats are moved from multiple housing cages to single cages for the duration of a study. The cages are placed directly on the receiver units to provide a close contact between the receiver and the animal. The transmitters are activated before starting the study; the transmitter units can be magnetically switched on and off thereby lengthening battery life. A control period of up 1-2 hours allows the animals to acclimate to the environment and to provide a steady baseline prior to administration of a test article. The oral administration of compounds via gavage is most convenient in rats but 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 22 intravenous, subcutaneous and intraperitoneal administration is also feasible. Inhalation administration of compounds is also possible by nebulizing the compound into a small exposure box or through the use of an application system bringing the nebulized compound to the nose of the animal. Cardiovascular parameters are affected immediately following the administration of a compound due to the stress inherent with the administration process, however, within 30 min the animals return to a normal hemodynamic steady state.
Studies can be conducted with a group comparison or a cross-over design. Individual parameters are recorded continuously ofer 8-24 hours after drug administration to ensure all drug-induced effects are detected. Evaluation of the data can be performed by calculating areas under the parameter-time curve and testing for drug-induced effects. In this way, the analysis is not restricted to a given time point. With cross-over design an appropriately long washout phase is needed between treatments. A treatment arm with vehicle is also useful to demonstrate the stability of the system. Water is usually provided ad libidum and food can be given should the measurements be performed over an extended time period.
Instrumented animals may be reused after appropriate washout periods on the assumption that the compounds in the doses tested cause no irreversible damage. Since the cardiovascular parameters measured are sensitive to the overall well being of the animals, changes in baseline conditions should be examined for detecting possible compound-related toxicities.
Assuming such toxicities are not observed, animals can be maintained for over one year with appropriate care.
Due to the fact that whole body plethysmographs for rats or guinea pigs are constructed out of plexiglass, they can be used in conjunction with telemetry systems without interfering with the transmitted signals. Therefore, this offers the opportunity to combine studies for determining cardiovascular function using telemetry, with whole body plethysmograph studies for simultaneously measuring respiratory function (Schierok, et al., 2000) .
As mentioned above, the most important limitation of the rat as cardiovascular model for safety pharmacology studies is its lack of utility for detecting ventricular repolarizationrelated drug effects. Whereas this is a substantial limitation, there are nevertheless other druginduced effects that can be observed in the rat model including effects on arterial blood pressure, heart rate and contractile ventricular function. The rat, due to its rather small size, however, that a rat instrumented for telemetric collection of cardiovascular data, if kept for longer periods of time, grows considerably in comparison to the "typical" laboratory rat and can grow to over 600 grams! An interesting alternative to the rat for this type of study is use of the guinea pig with chronically implanted instrumentation for cardiovascular measurements. We have used this particularly for obtaining ECG data but have had difficulties with the chronic implantation of arterial catheters. A recent study from Provan, et al. (2005) may show a way to overcome this technical limitation. The guinea pig has been shown to demonstrate drug-induced effects on the QT interval duration (Hamlin, et al, 2003) and is suitable for use with telemetry-based systems. Hey, et al., (1996) analyzed the ECG wave in anesthetized guinea pigs to determine QT interval, QTc interval, PR interval QRS interval and heart rate after the administration of the second generation antihistamines ebastine and terfenadine. More recently the anesthetized guinea pig has been shown to be useful for safety pharmacological evaluations (Hamlin, et al., 2003; Hauser, et al., 2005) .
In vivo approaches to CV profiling and electrocardiographic assessments Cardiovascular assessments using anesthetized animal models
The basic parameters needed for a safety pharmacology evaluation of possible cardiovascular effects of drugs includes heart rate, arterial blood pressure and the electrocardiogram. These were often measured in anesthetized animals, however, the potential influence of anesthesia on the parameters measured needed to be taken into account. Hence, the cited preference in the ICH S7A guideline for the use of conscious animals for such assessments. There are however advantages to anesthetized preparations. More invasive techniques can be applied, thereby giving an in-depth evaluation of possible drug effects on heart and vascular function in a variety of perfusion beds. A well-performed study using an anesthetized animal model is characterized by a highly stable hemodynamic state with very low variability of the parameters measured. This results in a highly sensitive model for detecting possible druginduced effects. The oral route is, however, not accessible in anesthetized animals although intraduodenal administration may provide a reasonable alternative if the intravenous route is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 not feasible or not desirable. A "well-performed" study refers to the manner in which the anesthesia is conducted, maintained and monitored. The goal is to produce a profound (i.e.
surgical level without pain responses) and stable level of anesthesia that does not vary appreciably over time. This is feasible using either inhalation anesthetics or through steady state infusion protocols. Bolus intravenous administration of anesthetic agents having hemodynamic effects (e.g. pentobarbital) leads to marked chang es and should be avoided.
Measurements possible in this model include end-diastolic and systolic pressure of the left ventricle, contractility of the heart (usually using peak positive LVdP/dt or LVdP/dt at a developed pressure of 40 mmHg), heart rate, cardiac output and arterial blood flow in various local perfusion beds, as may be needed. Test compounds can be classified in terms of a variety of pharmacological actions:
• Positive and negative inotropic effects
• Arrhythmogenic effects
• Hyper-or hypotensive effects
• Tachycardic or bradycardic effects
Until recently, this experimental approach was the most common for studying drug-induced effects on the cardiovascular system and was specifically mentioned in the Japanese guidelines for general pharmacology as the standard test (Anon, 1995) . As such, there is a vast amount of experience with this type of study and a large amount of comparable data available. The main reason why anesthetized animal models lost their primary role in pharmacological studies was due to the recognition of the possible effects of anesthesia (particularly pentobarbital) on ventricular repolarization and therefore on drug-induced effects on QT interval duration (Bachmann, et al., 2002; Weissenburger, et al., 2000) . However, a well performed study using anesthetized animals, as supported recently by the Japanese PRODACT investigators, can provide a useful and sensitive model of detecting drug-induced effects on the QT interval duration (Tashibu, et al., 2005) . Furthermore, the utility of this model for sensitively detecting effects on arterial blood pressure, heart rate and ventricular contractility is well established. A possible limitation of this approach is the use of intravenous administraton for drugs intended for the oral route. Clearly, an adequate compound solubility must be present or one needs to resort to vehicles, many of which have independent pharmacodynamic effects (Pestel, et al., 2006) . Anesthetized preparations also lend themselves to frequent blood sampling so that drug concentrations can easily be measured. We typically use an infusion administration scheme as opposed to using 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 25 intravenous boluses to allow for a better correlations of effects to "steady-state" drug plasma levels.
Pigs may also be used for this type of study and are an attractive alternative if the dog is not suitable. Adult domestic pigs are difficult to use due to their size, such that if adult animals are preferred, one of several breeds of mini-or micropigs may be used. The induction of anesthesia is different than with the dog and typically an intramuscular sedative is administered first (e.g. ketamine) followed by the anesthesia used for the remainder of the study. Halothane anesthesia should not be used in pigs due to a high incidence of malignant hyperthermic reactions.
Cardiovascular safety studies in conscious dogs and other non-rodent species
The preferred model for performing safety pharmacology studies on the cardiovascular system according to the ICH S7A guideline is the conscious animal under nonstressed, physiological conditions (Anon, 2000) . This includes the evaluation of drug-induced effects on systemic arterial hemodynamics and the electrocardiogram. Important cardiovascular parameters are, however, best measured using invasive measurement techniques but these can interfere with the physiological status of the animal subject. Relatively new telemetry-based systems (Mellor and Pettinger, 1986 ) allow one to monitor hemodynamic parameters including heart rate, arterial blood pressure and ECG (and, with some systems, left ventricular blood pressure and left ventricular dP/dt) with the animals in their home cage, thereby serving to reduce the stress associated with the collection of data. It should be noted, however, that the use of telemetry is not essential for the performance of this type of study.
For example, animals can be trained to the laboratory environment such that they can be examined using light restraint (e.g. sling or chair) under physiological conditions. This approach is suitable if the main objective of the study is to obtain electrophysiological data using external limb leads. Also, non-invasive measurements of arterial blood pressure are possible using well-trained conscious dogs, albeit with somewhat less sensitivity in comparison to invasive measurement. Other useful cardiovascular endpoints, such as left ventricular dP/dt require more invasive approaches. Externalization of implanted transducers and "hard-wiring" animals has been used successfully in the past, but this has the inherent disadvantage that such wires provide sites for infection. Even with meticulous care, such infections are unavoidable. In general, the use of fully-implantable telemetry technology has replaced these approaches in the pharmaceutical industry in recent years. Full-implant telemetry systems typically measure arterial blood pressure and a single electrocardiogram, but they can also be configured for the measurement of left ventricular pressure or multiple ECG leads. However, a single ECG lead with clearly definable wave forms is usually sufficient for detecting drug-induced effects. Beagles are frequently used for these studies but other larger breeds have the advantage of a simplified implantation procedure (since they are larger) and, in general, lower heart rates at the time of the subsequent studies. We use Labrador dogs with success and have never seen data with
Beagles that achieve similarly low heart rates during studies. There is some evidence that drug-induced effects on the QT interval duration are more pronounced in female animal. For the Labrador dog we find absolutely no difference between males and females such that both sexes can be included in these studies. Of utmost importance is that all animals are adequately trained for adaptation to their home cage and laboratory environment prior to being instrumented. Furthermore, the training process should continue indefinitely even after instrumentation. Instrumented animals should receive regular contact with the people involved in the studies. We have investigated the impact of housing conditions on the parameters measured and have found that this is an important consideration (Klummp, et al., 2006) . Dogs should be paired with their usual housing mates (the dogs are routinely grouphoused) during the measurements and visual contact with the other dogs used in the study should be maintained. This approach requires that dogs have independent carrier frequencies for the transmitted data, a feature not available in all telemetry systems.
The transducers of the telemetry implant are calibrated prior to implantation and the unit is sterilized using a low pressure ethylene oxide process. For the one-time surgery, dogs are anaesthetized and all procedures are performed under aseptic conditions using sterilized equipment. Details of the surgical procedure have been published in the past . Studies can be conducted with the animals in their home cages if they are equipped with antennae to pick up the transmitted signals. Drugs can be applied orally, intravenously, subcutaneously or through inhalati on although the latter requires some additional training . After treatment, dogs are returned to their home cages for the duration of the study that can last up to 24 hours, if needed. This is usually based on the duration of the expected drug exposure or possible pharmacological activity of the test article. Longer studies should allow for feeding of the animal and water should be available ad libidum. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 27 Studies may be conducted as group comparisons if sufficient numbers of animals are available.
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Alternatively, the use of a latin square cross-over experimental design allows for studies with fewer animals (eg. N=4). The experiment starts after an equilibrium period of 60-120 min to allow the dogs to acclimate to the measurement pens. The administration of the test compound is started after a 30 -45 min control period. Experiments involving intravenous infusions or frequent blood sampling are performed in smaller cages to allow close monitoring of indwelling catheters. Continuous measurements should not, however, exceed 6 -8 hours without allowing for a short pause for exercise. Continuous measurements for up to 24 hours are acceptable if the animals are kept in larger cag es.
The hemodynamic and ECG parameters can include: systolic, diastolic and mean aortic pressure, peak systolic and end-diastolic left ventricular pressure, LV dP/dt max and dP/dt min, heart rate; PQ-, QRS-and QT intervals. As mentioned, not all systems include a pressure transducer for left ventricular pressure. We have found this to be an invaluable parameter, particularly the derivative (dP/dt) that serves as an index of myocardial contractility. Druginduced effects on left ventricular dP/dt are, at least based on our experience, more common than one might think. We have detected on three occasions that compounds intended for entering development were found to have a negative inotropic effect. Based on these observations the compounds were deprioritized and alternatives were found. Various commercially available software programs can be used for data acquisition and analysis.
Whereas all physiological parameters are routinely averaged over predefined time intervals, it has been proposed that for the ECG only a few beats are required to detect effects (Hamlin, et al 2004) . Of particular interest are time points corresponding to the time of Cmax of the test agent. One can include blood sampling within a test protocol for the measurement of plasma drug concentration. Even in well trained animals, this leads to a transient stress that interferes with the cardiovascular data. Therefore, one should keep such sampling to a minimum. It is preferable to have a well-documented pharmacokinetic profile of a given test article prior to conducting such a study.
Correction of QT interval for heart rate
The QT interval duration is heart rate dependent. The use of correction formulae derived from clinical data are not appropriate for use with dog ECGs. Algorithms designed specifically for the dog are required and historical data from the dogs actually used in a given study is the preferred way to derive any QT correction (Meyners and Markert, 2004) . Still better, if no 28 drug-induced effect on heart rate is observed, no correction of the QT interval should be undertaken.
Animal reuse
Animals instrumented for this type of study may be reused. Since the instrumentation is fully implanted without externalization of wires or catheters, there is little risk of developing sepsis after successful implantation. There may be problems that arise with erosion of either the battery or transmitter unit, but fortunately these are rare. The batteries are designed to provide long life well in excess of a year. After the completion of a given study and an appropriate washout time, further studies can be conducted. This is facilitated by the fact that studies are typically single administration studies using doses that are not intended to cause irreversible effects. Nevertheless, there is a need to explore supratherapeutic doses in order to get an impression of a safety window with regard to cardiovascular effects. The qualification of animals for subsequent use should be based on the health status of the animals. Given the ease of obtaining hemodynamic data from these animals, one can maintain historical data on heart rate and blood pressure, parameters that are sensitive to the overall well-being of the animal.
Additionally, clinical chemistry parameters can be monitored to detect possible effects on kidney and liver function.
Similar telemetry-based cardiovascular safety pharmacology studies can be conducted in pigs and monkeys (normally macaca mulatta (Rhesus) or macaca fascicularis (Cynomulgus)).
These two alternative species are of interest due to their use in toxicology studies where the dog is deemed inappropriate.
Incorporating safety pharmacology endpoints in toxicology studies
A common approach, also mentioned in the ICHS7a guideline, is the incorporation of safety pharmacology cardiovascular endpoints into toxicological studies. This is an attractive approach in that it theoretically leads to a reduction in the number of animals used for the safety evaluation of a new compound. Since toxicological studies are routinely performed under GLP conditions, the new requirement for the "core battery" safety pharmacology can also be accommodated without additional effort to qualify test systems. There are several arguments against this approach, however. One consideration is the delay in the availability of the resultant data. The amount of delay may vary between companies based on when GLP toxicology studies are performed, but is certainly measured in months. We use the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 29 cardiovascular safety pharmacology data as an important qualifier for a compound to enter into development and this decision is made well before the first GLP toxicology studies are performed. Another major consideration, particularly for cardiovascular studies, has to do with the quality of the data one can expect from a toxicology study. Simply stated, the data is highly variable and difficult to standardize. As an example, I was recently asked to review the results of a 2-week toxicology study in which arterial blood pressure, heart rate and ECG were measured in beagles. The heart rates reported under control conditions ranged from a low of 90 beats/min to a high of 174 beats/min (our Labrador dogs have heart rates under 60 beats/min). Heart rates following treatment in this case study increased to over 200 beats/min.
Paper tracings were made (50 mm/sec) using temporarily-placed limb leads. Given the huge variability in this set of data, it is impossible to make a detailed ECG assessment. Finally, toxicological studies include doses that will cause some adverse effect that may be associated with discomfort or even overt side effects. These may elicit secondarily an activation of the sympathetic nervous system. Sympathetic stimulation activates mechanisms that indirectly affect both Ikr and Iks thereby leading to a prolongation of the QT interval (Fossa, et al, 2005) .
Thus, QT prolongation should be a common observation in such studies at doses associated with other side effects. Measuring heart rate, blood pressure and the ECG during a toxicological study may provide some important insights into the toxicological results since they will detect major changes in hemodynamic status and can detect arrhythmias. However, a detailed analysis of the ECG, including subtle morphological changes or measurement of intervals is not feasible in the context of a normal toxicity study and should not be attempted.
Designing a comprehensive CV assessment approach
Integrating a safety pharmacological assessment into drug discovery and development has become essential to fulfill new regulatory requirements but more importantly this assessment provides important data for the selection of drug candidates. As mentioned from the onset, only doing GLP safety pharmacology studies on drugs prior to phase I clinical trials will mean that data are available too late for lead optimization and the drug candidate selection process.
Furthermore, a strict adherence to the ICH S7 guidelines will result in a narrow cardiovascular assessment that does not address all potentially important aspects of cardiovascular function.
Thus, a thorough cardiovascular safety pharmacological assessment should consider additional aspects and may include a variety of experimental models not explicitly listed in the guidelines. There is clearly no optimal approach that fits all needs since pharmacological profiling must be tailored to the needs of individual projects. The approach chosen should 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 reflect a company's expertise and project-specific potential liabilities. Nevertheless, some general trends have emerged in the past few years. The general approach we use was summarized graphically in Figure 1 .
In vitro electrophysiological testing is a rather new element of safety pharmacology profiling for many companies, but is here to stay. In particular, screening for hERG channel activity can and should be done rather early in the lead optimization process. Methodologies are available for reasonable throughput and the potential for interactions with hERG should be identified early enough to allow medicinal chemists the time needed to reduce this unwanted activity. It should be noted that this can be done successfully with current knowledge of the hERG channel and potential drug interactions (Jamieson, et al., 2006) . Effective tools are now available and include in silico approaches (Sanguinetti and Mitcheson, 2005; Aronov, 2006) , high throughput approaches as well as traditional manual electrophysiological studies in well profiled test systems. Our experience has been that testing for hERG activity as projects make a transition from the lead identification phase (i.e. identification of chemical scaffolds with target activity and the possibility to optimize) to lead optimization activity is a reasonable time to perform these studies. There is typically enough time remaining and structural diversity available, to reduce hERG blocking activity in the ultimate drug candidates.
A second in vitro step that adds value to the overall electrophysiological assessment is to evaluate effects on myocardial action potential using systems mentioned above. Our initial focus on hERG is necessary from a pragmatic point of view, based on the regulatory fixation on this single channel activity. However, there is a strong argument that ultimately only effects that result in changes on the myocardial action potential are of relevance. The models needed for assessing effects on the myocardial action potential are a bit more complex and time-consuming that those used for measuring hERG activity, but they require little compound and give additional value to the overall risk assessment. Paired with results from a hERG assay, one achieves rather early on, a predictive assessment for cardiovascular liability . The myocardial action potential assay can also be included during early lead optimization.
If one focuses on the potential for compounds to affect ventricular repolarization, one might argue that the next essential step entails an evaluation of the electrocardiogram in a nonrodent species to complement the in vitro evaluation. Indeed, this is what is found in the ICH 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 31 S7B guideline (Anon, 2004) . However, there is a major step in terms of compound requirements from low milligram quantities to hundred-milligram or even gram amounts of compound to move into such in vivo models. One should recognize that potential hemodynamic activity (changes in arterial blood pressure, heart rate) can be addressed easily in small animal models including the rat and guinea pig. The guinea pig, in contrast to the rat, offers the additional advantage of being useful for assessing effects on ventricular repolarization. One note of caution, however, is that the guinea pig proves to be more challenging than the rat in terms of implantation of particularly arterial catheters, in comparison to the rat (Provan, et al., 2005) . Such studies may be done later in lead optimization when candidate selection and prioritization is going on. These studies form a valuable bridge to later studies in larger animals that are only feasible for a few drug candidates that are thought to have a chance for further development. Unexpected effects on blood pressure and heart rate can be just as devastating to a lead optimization program, as are effects on the QT interval.
Finally, a thorough in vivo assessment of both systemic hemodynamics and the electrocardiogram is indispensable. The dog has been most commonly used species for these assessments and full implant technology has become the gold standard experimental approach to allow for studies in conscious animals. Our experience with the use of Labrador dogs so instrumented and extensively trained is that we can achieve optimized physiological conditions during such studies with very low variability of the parameters measured and therefore a high sensitivity for drug-induced effects (Meyners and Markert, 2004) . Heart rates ranging between 50 and 60 beats/min throughout a 7-8 hour observation period post dosing are routinely measured with our model. The lab environment is critical to achieving such results with attention to noise or other disturbances that stimulate the dogs. Routine training and a well thought out housing strategy contributes importantly to the optimization of this type of system (Klumpp, et al., 2006) . Although we have less experience with the mini-pig and monkey, both species can also be successfully used for generating high quality cardiovascular data.
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